We report on hydrogen adsorption and desorption on titanium-covered graphene in order to test theoretical proposals to use of graphene functionalized with metal atoms for hydrogen storage.
Hydrogen is a very attractive clean fuel since the only combustion waste product is water. [1] Several technical problems hinder its widespread use, among these its storage. [1, 2] In this respect, graphene recently attracted much attention as a storage medium owing to its chemical stability, low weight, and favorable physical-chemical properties for hydrogen adsorption. [3] The storage capacity of graphene can be further increased by surface functionalization. [4] One of the most promising candidates for such functionalization is titanium. [5, 6] Theory predicts gravimetric densities as high as 7.8 wt% for such systems. [5] Several reports exist on the behavior of metal atoms and clusters on graphene surface both theoretical [7] [8] [9] [10] and experimental. [11] [12] [13] [14] [15] [16] [17] Concerning its potential for hydrogen storage, a number of theoretical results are available for various metals on graphene, such as calcium, [18] [19] [20] [21] [22] [23] [24] [25] lithium, [26, 27] aluminum, [28] or transition metals [4-6, 29, 30] and transition metal ethylene complexes. [31, 32] A common feature of all these proposals is that the metal atoms (and not the graphene) store the hydrogen. Nevertheless, the role of graphene in this context is fundamental: it acts as a lightweight substrate to carry the metal atoms and contributes thereby to reach high gravimetric densities. However, there are no experimental results published so far which would attempt to verify these proposals. The purpose of this paper is to experimentally investigate hydrogen-storage properties of titanium-covered graphene.
We used monolayer graphene grown on 4H-SiC(0001) as a substrate. It was obtained by annealing 4H-SiC(0001) samples for several minutes in argon atmosphere of 100 mbar at about 2100 K inside a furnace. Graphene quality and the actual number of graphene layers were verified by atomic force microscopy (AFM) and Raman spectroscopy as shown in Fig. 1 . Fig. 1(a) shows a 14.4 × 14.4 µm 2 sized AFM phase image of the graphene surface of one of our samples, which shows a strong contrast between mono-and bilayer regions. The significant Raman peaks for graphene are the G peak and the 2D peak, which changes intensity and position with the number of layers. Although the exact position of the 2D peak depends in addition to the laser wavelength [33] also on the strain in the graphene layer, which originates from the large difference in thermal expansion coefficients between graphene and SiC substrate, [34] a shift of the 2D peak position gives a good indication for the actual number of layers. Fig. 1(b) shows the peak-position map for the Raman 2D band in one of our samples. Fig. 1(c) shows Raman spectra taken at the two positions indicated in Fig. 1(b) . The G and the 2D peak positions are marked in the spectra. The other features originate from the SiC substrate. In our case, the position of the 2D peak is at approximately 2710 cm −1 for monolayer graphene, and at 2740 cm −1 for bilayer graphene.
The inset to Fig Hydrogenation experiments and further sample characterization were performed in an UHV chamber with a base pressure of 5 × 10 −11 mbar, with a variable-temperature scanning tunneling microscope (STM). The chamber is also equipped with H 2 supply, Ti-evaporator, heating stage, and quadrupole mass spectrometer. Details about the microscope are described elsewhere. [36] Before titanium deposition, we annealed the sample at 900 K for several hours to remove adsorbents and to obtain a clean surface. This was done by direct current heating to ensure a homogeneous sample temperature. The high quality of the pristine graphene films is testified by atomically-resolved STM images such as the one in Fig. 2 (a) which were routinely obtained and show the hexagonal lattice of graphene. Titanium was deposited on graphene at room temperature using a commercial electron-beam evaporator. The Ti-coverage was calibrated by STM imaging. All temperatures were measured using a thermocouple mounted on the sample holder, directly in contact with the sample and additionally cross-calibrated with a pyrometer. For a better signal-to-noise ratio we used deuterium (D 2 , mass 4) rather than hydrogen (H 2 , mass 2). Deuterium is chemically identical to hydrogen; however, we caution the reader that the desorption temperatures might be slightly shifted owing to the well known isotope effect. [37, 38] During thermal desorption spectroscopy (TDS), the mass 4-channel of the mass spectrometer was recorded.
As shown in the STM images in Fig. 2(b) and (c), titanium atoms form small islands on graphene and these islands grow and become more dense at higher coverages. Fig. 2(d) shows the distribution of the island diameters for a surface with 16 % Ti-coverage (cf. Fig. 2(b) ). Many islands have a diameter between 5 nm and 9 nm, while a few reach diameters up to 22 nm, resulting in an average island diameter of around 10 nm for this Ti-coverage. A careful analysis of our STM images shows that for a small amount of deposited titanium, the percentage of the covered surface is proportional to the total amount of deposited titanium, while for higher coverage, the islands grow stronger in height and therefore the surface coverage increases more slowly with respect to the volume of titanium, until it finally reaches 100 % at around 6.5 ML. The growth of titanium islands on graphene will be described elsewhere in more detail. [40] In order to investigate hydrogen storage in the Ti-covered samples, they were exposed to molecular deuterium (D 2 ) for five minutes at a pressure of 3.5 × 10 −8 mbar at room temperature, and then positioned in front of the mass spectrometer. When the pressure was down to 2 × 10 −10 mbar again, we heated the sample at a constant rate of 10 K/s up to a temperature of approximately 850 K. We verified by STM that heating the samples up to this temperature does not significantly change shape or distribution of the titanium islands.
The resulting temperature-dependent desorption curves of D 2 are shown in Fig. 3 . After each measurement, a second ramp cycle without deuterium was made to verify that all D 2 molecules were actually desorbed during the first cycle. The resulting curves never showed any signature of D 2 desorption. In a further control experiment, we exposed pure graphene without titanium to a deuterium flux and did not see any indication of D 2 storage (see the 0 % coverage curve in Fig. 3 ). This is consistent with the well-known fact that although graphene is capable of binding atomic hydrogen, [41] molecular hydrogen does not stick to a graphene surface at room temperature. [42] At low titanium coverage, only a small desorption peak can be detected, but with increasing Ti coverage, peak amplitude increases, and a shoulder appears at higher temperatures. The position of these features appears to be independent of titanium coverage. A simple numerical analysis (a fit with two Gaussian curves) leads to temperatures of around (485 ± 5) K for the main peak and around (560 ± 10) K for the shoulder.
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A detailed quantitative analysis of these spectra goes beyond the scope of this letter;
however, even from a qualitative standpoint, very useful information can be extracted. First, Ti islands on graphene are indeed capable of storing hydrogen, and the stored amount, which is proportional to the area under the desorption curve, increases with the amount of deposited titanium. Second, the measured desorption temperatures indicate that hydrogen binding is stable at room temperature and that it desorbs at moderate temperatures close to the target temperature for practical applications. Third, the desorption energy barrier can be estimated using the Redhead equation (assuming first order kinetics):
.64 with β = dT /dt the heating rate (here 10 K/s), E d denotes the desorption energy barrier, R the gas constant, and T the measured TDS peak temperatures.
This leads to values for E d in the range of 1-1.5 eV.
Further insight into the behavior of hydrogen with titanium on graphene can be obtained from a comparison with data available in the literature. Titanium is well known for its catalytic effect in dissociating hydrogen molecules into atoms, [44, 45] similar to what was reported for Pd. [30] These hydrogen atoms can be expected to form bonds either to titanium or to graphene. In the case of binding to graphene, the desorption peak would be expected to decrease when titanium coverage approaches 100 %, since there is less and less uncovered graphene surface available. This is not consistent with our data. This suggests that hydrogen is actually binding to titanium. The latter statement is supported by the desorption energy value estimated from our experiments. The binding energy for a dissociated hydrogen molecule on a titanium atom on a C 60 -molecule was calculated to be 1.16 eV, [45] which corresponds to approximately 450 K using the Redhead equation. Even though the system is not identical to ours, we expect that binding energies and desorption temperatures be in the same range, as is actually the case. Alternatively hydrogen may also be stored in the titanium islands and forming a titanium hydride complex. [46] The effusion of deuterium from titanium surfaces was studied before by TDS. The desorption spectra of deuterated titanium thin films show a desorption peak around 550 K, [47, 48] again consistently with our data.
In summary, the present measurements demonstrate the suitability of titanium-covered graphene surfaces as a system for hydrogen storage. Clear evidence of stored hydrogen in our samples was reported, based on TDS results. The measured desorption temperatures are high enough for stable hydrogen binding at room temperature and low enough to recover 5 the hydrogen at moderate temperatures which render titanium-functionalized graphene a very interesting material system for practical applications in hydrogen storage. At higher Ti-coverage a shoulder around 560 K emerges.
